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ABSTRACT 
The Design and Performance of Building-Scale 
Distributed Energy Generation in Houston, TX 
by 
Roque Tomas Sanchez 
The expansion of worldwide energy demands, coupled with the fragility of electricity 
distribution grids, has sparked interest in building-scale distributed solar energy 
production. To further research into the barriers and challenges of residential grid-
intertied solar photovoltaic electrical production, the U. S. Department of Energy founded 
the U.S. DOE Solar Decathlon. Through the 2009 U.S. DOE Solar Decathlon, the 
challenges of solar PV design and system performance were explored for the affordable-
housing market of Houston, TX. Energy demand and production modeling techniques 
were used to inform the design of the prototype, the Zero-Energy Row House (ZEROW), 
and techniques for cost reduction and simplification of power generation systems were 
employed in the pursuit of archiving grid-parity solar electrical production as the 
household level. Preliminary ZEROW system design, performance, and challenges are 
discussed, as well as directions for future research. 
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1.0 Introduction 
Since the development of the modern photovoltaic cell by Bell Laboratories in 
1955, researchers and engineers have sought to harness predictable solar insolation for 
society's energy demands [1]. While interest and funding of solar energy generation has 
fluctuated along with the the state of the global energy demand and politics, today there 
remains considerable interest in developing a solar energy infrastructure that is not only 
robust, but less environmentally-intensive than energy derived from fossil hydrocarbons. 
Globally, energy demand continues to rise, especially as less-developed nations 
begin to foster economies dependent on abundant energy supplies. Within the United 
States, the Energy Information Administration predicts that renewable energy, including 
solar, will continue to experience growth in the years leading up to 2030 [2]. Increased 
awareness of environmental concerns, especially global climate change, will undoubtedly 
continue to drive this development. 
For many energy users, interest in renewable energy is spurred by the potential for 
economic competitiveness. The cost of energy derived from fossil hydrocarbons is linked 
to the costs of extraction, processing, and transportation of those fuels. As fossil 
extractable hydrocarbon reserves are depleted, energy costs will continue to rise. In the 
case of Texas, the average cost of residential retail electricity increased from 7.20/kWh to 
13.040/kWh between 1990 and 2008; during this period, price rose even in the face of the 
deregulation of the retail electricity market [3]. Distributed solar generation thus 
represents an investment in energy price stabilization to some electricity users. 
Additionally, as the externalities of hydrocarbons are priced, as in the example of the 
Retail Residential Electricity Cost in Texas, 1990-2008 
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Figure 1: Cost of residential retail electricity in Texas [3] 
Source: U.S. Energy Information Administration. Annual Electric Power 
Industry Report. FormEIA-861 (2008). 
R2 = 0.6944 
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European Union Emissions Trading Scheme, energy generation free from operational 
greenhouse gas emissions may continue to drive the economic adoption of solar 
generation. 
While photovoltaic materials research and product development are conducted by 
an array of interested parties, including universities, energy development firms, and U.S. 
national laboratories, cohesive research into the challenges of residential solar energy 
integration failed to attract significant funding through the 1990's. Without significant 
research into the barriers to the implementation of household-scale PV generation in the 
U.S., a gap exists between improving technology and its dissemination to intended end 
users. In 2002, the U.S Department of Energy (DOE) recognized the considerable 
potential of residential implementation research and founded the Solar Decathlon 
competition. 
In its design, the Solar Decathlon competition combines elements of educational 
outreach and distributed research. Through the competitions, teams composed of 
universities or university coalitions must design and build a house that derives the 
entirety of its operational energy from the the solar radiation incident on its site. 
Research teams are chosen through a competitive request-for-proposal process, and teams 
must model, design and build an entry house and transport it to the National Mall in 
Washington, D.C. for a final evaluation and exposition. The entries are subjected to a 
round of ten contests -the namesake decathlon- to approximate the demands placed on 
an average single-family residence. Ultimately, the Solar Decathlon represents a joint 
research venture between the DOE, the National Renewable Energy Laboratory (NREL), 
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Table 1: Chronology of Significant Research Events 
January 2006 
Spring Semester 2007 
Fall Semester 2007 
December 2007 
January 2008 
January 2008 - October 2008 
November 2008 
September 2009 
October 1-20,2009 
November 3, 2009 
November 2009 - Present 
Present - May 2011 
Roque Sanchez founds the Rice Solar Decathlon 
Project at Rice University 
First course related to the Solar Decathlon, CEVE 
490: Rice Solar Decathlon: Principles of Sustainable 
Design, taught by Roque Sanchez 
Students of CEVE 499: Rice Solar Decathlon: 
Design and Applications; taught by Roque Sanchez, 
assist in preparation in Rice's Response For Proposal 
(RFP) 
Interdisciplinary student team submits RFP to NREL 
detailing proposed entry fro the 2009 DOE Solar 
Decathlon 
Rice University is accepted as one of 20 participating 
research teams for the 2009 DOE Solar Decathlon 
Intense architectural, engineering, and 
communications design of Rice's entry, the ZEROW. 
Construction of ZEROW prototype commences on 
Rice University campus 
Construction of prototype completed; ZEROW 
prepared for shipment to Washington, DC. 
The ZEROW is reconstructed, operated, and toured 
on the National Mall as part of the 2009 DOE SOlar 
Decathlon. The ZEROW is disassembled and 
transported back to Houston, TX. 
The ZEROW in installed on a permanent foundation 
in the Third Ward of Houston, TX 
Ongoing utility construction and commissioning of 
ZEROW prototype on final site. 
Remote monitoring of ZEROW energy performance 
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and participating institutions to "foster development and facilitate widespread adoption of 
solar-powered homes that demonstrate solar technologies in marketable applications, 
through technology development and key partnerships" [4]. 
Solar Decathlon competition events were held in 2002, 2005, and 2007, and have 
resulted in the delivery of 52 prototypes of residences powered entirely by solar energy. 
The constraints of the Solar Decathlon itself have changed with each iteration in response 
to market demands. The first three Solar Decathlon competitions focused on the 
implementation of grid-independent solar PV technology, while the 2009 Solar Decathlon 
sought to increase understanding of grid-intertied solar generation. 
In 2006, I founded the Rice Solar Decathlon Project as joint venture between the 
George R. Brown School of Engineering and the Rice School of Architecture. Following 
the initial efforts of an interdisciplinary research team, Rice University was accepted into 
the 2009 Solar Decathlon. This describes the objectives and methodology of the Rice 
University Solar Decathlon Project, and the final delivered prototype, the ZEROW house. 
The performance and evaluation of the prototype will also be discussed, as well as the the 
results of this research and the potential for future investigations. 
2.0 Objectives 
Within the scope of the Solar Decathlon, there is considerable freedom of range in 
research focus. Bearing in mind the research gaps in the implementation of residential 
solar generation, the following research objectives were chosen. 
1. Construction of solar-powered affordable housing prototype 
6 
While the viability of solar generation in the high-end residential market has been 
demonstrated by market growth, a model for affordable solar-powered housing in 
Houston has been absent. In non-solar powered residences, initial energy hardware 
outlay, eg. wiring and distribution equipment, is low, but it is coupled with recurring 
operational costs in the form of monthly electricity and natural gas bills. In the 
affordable housing market, often characterized by rental and lease properties, these 
recurring energy costs can present a considerable portion of resident expenditures, 
especially when combined with an inefficient building envelope. In solar-powered 
residences, the high initial hardware cost of the solar generation equipment is paired with 
very low recurring operating costs; once a system is installed, recurring costs are 
restricted to maintenance and upkeep, but not fuel inputs. Thus, the reduction of 
recurring costs through solar generation could prove beneficial to Houston's affordable 
housing market as long as initial equipment costs can be defrayed or minimized. The 
greatest challenge of system design, therefore, would be the reduction of initial system 
capital costs; this objective informed all further research objectives through a drive for 
thrift and system efficiency. 
2. Reduction of energy consumption via market-available technologies 
Residential building energy efficiency is often cited for its effect on recurring 
energy costs: by investing in energy efficiency measures such as insulation, a new or 
renovated building can reduce the amount of energy and money needed for the building's 
operation. In the case of residential solar generation, energy efficiency improvements 
can profoundly alter initial energy capital costs. For every 1 kWh of daily energy 
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consumption avoided, 0.28 kW-DC of solar array can be eliminated from the generation 
system.1 To facilitate our first objective, our research was limited to market-available 
building technologies. 
3. Simplification of solar generation systems and cost reduction 
The greatest cost-savings potentials in residential distributed energy currently 
exist in the design and installation of the generation system itself. The active technical 
systems of the house were chosen to balance efficiency and economy, with a design 
stressing component reduction and system reliability. The scope of research as defined 
by the DOE restricts research to grid-intertied systems; this eliminates the costs and 
complexity associated with electrical energy storage components. However, the DOE 
does not specify the geographic constraints of the research: PV and solar thermal 
performance is inherently tied to site conditions and location, and prototype performance 
research would take place both on the Rice University campus and during evaluation in 
Washington, DC. System design may skirt this issue through the use of reconfigurable or 
actively-controlled energy systems, but this elevates costs and system complexity. Rather 
than design a prototype that adapts to varying sites, we instead chose to refine a design 
specific to Houston, TX, and its unique site challenges. 
3.0 Materials and Methods 
3.1 Photovoltaic Modules 
While photovoltaic (PV) modules of various chemistries and manufacturing 
processes are currently available, the most-established technology is the doped silicon 
1
 For PV system sited in Houston, TX at 180° azimuth, 30° fixed tilt, 0.77 AC/DC derate factor. Analysis 
performed with NREL PVWatts v2. 
8 
PV cell. In the most common silicon PV cell manufacturing process, ingots of p-doped 
monocrystalline or polycrystalline silicon are mechanically sawn into wafers. The 
surface of these wafers are then n-doped to created the p-n junction necessary for the 
photoelectric effect to create a voltage potential within the solar cell. Individual solar 
cells are soldered together in series and parallel to achieve the desired voltage and watt 
rating. Cell assemblages are sandwiched in protective layers of fiberglass and translucent 
covers, and these PV modules are then framed in aluminum. Crystalline silicon PV 
modules used in residential installations typically range from 100 W DC to 200 W DC, 
and are known for reliable lifetime performance, mid-range conversion efficiencies, and 
competitive costs. For our prototype design, the BP175B module was chosen. This 175 
W DC module, manufactured by BP Solar USA, has been widely distributed 
internationally and was chosen to balance cost, longevity, and energy production. 
3.2 Inverters 
PV cells and modules produce DC current that must generally be converted to AC 
current for residential use. This conversion is performed by pure sine wave inverters, 
either in string inverter or distributed microinverter configurations. In a string inverter 
system, multiple PV modules are wired in series to achieve operating DC voltage. This 
high voltage DC current is converted to AC current at a central inverter which is usually 
located adjacent to existing electrical load distribution equipment in the building. While 
string inverters service multiple PV modules, microinverters convert current from only 
one or two PV modules each. A microinverter, typically mounted on the PV module or 
its supporting racking, is electrically connected to a PV module and multiple 
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Table 2: Inverter technology compariM)!! 
Technology 
String inverters 
Microinverters 
Pros 
Established technology 
Many manufacturers 
MPPT at module-level 
Parallel wiring 
Module-by-module tracking 
Cons 
Bulky units 
Series string blackouts 
MMPT at array-scale 
Recent commercial 
development 
Multiple potential points of 
failure 
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microinverters are then wired in parallel to the building's existing electrical distribution 
equipment. Microinverters represent potential improvements over string inverters in 
many areas. In string inverter wiring, if a single PV module in a string is sufficiently 
shaded, the current from the entire string will cut out and inverter function will cease; the 
array only performs a well as the worst-performing PV module in the series. Parallel-
wired microinverter arrays can continue to produce AC current even as individual PV 
modules vary DC production throughout the day; the ability of PV modules to achieve 
individual maximum production in response to environmental changes is known as 
maximum power-point tracking (MPPT). While a microinverter array increases the 
number of components in the system, by distributing the power conversion equipment, 
the failure of a microinverter or PV module only affects that microinverter-module pair; 
the failure of a string inverter or a panel in series affects the production of the entire 
array. The elimination of PV module wiring strings also removes the need to install high-
voltage DC wiring beyond what is installed on the PV modules by the manufacturer. The 
differentiation of energy production at the module level also allows energy production 
data to be collected and recorded for each individual microinverter-module pair. Our 
prototype used the only microinverter commercially available for our PV module size at 
the time of design, the Enphase Energy M190-72-240-S11/2. This inverter is capable of 
handling a maximum 190 W DC input, which pairs well with the 175 W DC output of our 
PV modules at standard test conditions (STC). 
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3.3 Solar Thermal System 
While the scope of research for the Solar Decathlon did not specify the inclusion 
of solar thermal technology, we chose to include it in the prototype to alleviate the 
electrical load used for domestic hot water production. The solar thermal system consists 
of a rooftop collector, circulation pump, thermal storage tank, and a pump control 
microcomputer. Solar thermal collectors are located outside of a building's envelope, and 
a circulating fluid must be piped between the collector and the point at which the 
collected heat is used for domestic hot water production. In areas where freezing 
conditions are regular, a closed-loop system is used, wherein an antifreeze solution 
transfers heat from the collector to a heat exchanger that produces domestic hot water; in 
this system, potable water does not circulate through the collector. Since Houston does 
not experience periodic deep freezes, a simpler open-loop system was used. In this 
system, potable water flows through the collector, is heated and is then available for 
domestic use. All potable water plumbing outside of the building envelope in insulated to 
protect against mild freezing, and the plumbing is easily drained in the event of a hard 
freeze. 
The prototype's solar thermal system consists of an evacuated tube solar thermal 
collector, the Apricus 30 Tube evacuated collector, and an insulated 80 gallon storage 
tank. Cold, potable, water enters the storage tank, and is then circulated via pump to the 
rooftop collector. Heated water is returned to the storage tank, where it is then available 
for use. A small electric backup heater was also installed downpipe from the storage tank 
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outlet, the Stiebel Eltron Tempra 12 heater, and is only intended to supply backup heat for 
periods of little insolation. 
3.4 Mounting Hardware 
To achieve useful energy production, solar PV and thermal collectors must be 
mounted such that they receive adequate insolation and are protected from external forces 
such as wind. 
Collectors may be mounted at a fixed angle, or may be mounted on tracking 
hardware, known as heliostats, that rotate collector surfaces such that they remain 
perpendicular to direct insolation throughout the course of the day. While tracking 
hardware may allow increased energy harvest, this proliferation of system components 
and failure points; tracking arrays also require energy inputs for their operation. 
For the sake of simplicity, fixed-angle mounting hardware was chosen for the 
prototype. Since fixed-angle arrays cannot track sun movement, solar collectors in the 
northern hemisphere are generally cited with their collectors tilted to the site latitude, 
with an azimuth of 180° S. While mounting hardware assures that collectors are 
positioned correctly in relation to the sun, it must also provide a structure to secure 
collectors and associated generation equipment. Due to the constraints of the DOE, we 
were limited to building-integrated mounting hardware. In this mounting system, the 
structural elements that support the collectors and ancillary hardware are structurally tied 
into the existing structural system of the building. In residential deployment, collectors 
are often located on the roof because it lifts the array above surface vegetation and 
structures that may cause shading, and it allows convenient access to the structural 
13 
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Figure 2: Enphase Enlighten production monitoring user interface 
Table 3: NREL data collection 
Prototype interior measurements 
Electrical measurements 
Ambient environmental measurements 
Temperature 
Humidity 
Refrigerator temperature 
Freezer temperature 
Indoor light level 
Electrical power drawn from grid 
Electrical power supplied to grid 
Net energy balance 
Temperature 
Humidity 
Global horizontal insolation 
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members of the roof framing. The elevation of the array also exposes it to increased wind 
loads; the maximum sustained wind load for ZIP Code 77005, which contains Rice 
University, is 81 mph [5]. For roof-mounted arrays, resistance to such wind forces 
requires multiple structural connections to the roof framing through the roof's 
waterproofing membranes; these penetrations are site-flashed to prevent entry of water 
into the building. 
To avoid individually-flashed penetrations through the prototype's roof, a hybrid 
mounting system was developed. PV modules were mounted on Solar Mount HD 
extruded aluminum rails in groups of four modules; this established mounting system 
integrates well with the modules' aluminum framing and feature aluminum legs that 
support the array at the desired angle. The mounted modules were then supported on 
4"x4" galvanized steel angles spanning the roof; these steel angles were in turn attached 
to the structural parapet of the prototype's roof via stainless steel "Z-clips" and lag bolts. 
All Z-clips connection points were protected by the metal flashing of the parapet, 
eliminating penetrations into the membrane of the roof. The solar thermal collector array 
was similarly mounted, with its factory-supplied frame, also manufactured by Apricus, 
connected directly to the Z-clips. 
3.5 Data Collection and System Monitoring 
Two commercial energy monitoring packages were used to track the performance 
of the prototype. The first, the SRE Energy Monitoring System, manufactured by 
Standard Renewable Energy, tracks electrical power drawn from the grid as well as well 
as electrical production of the solar PV arrays. The data is presented in a online interface, 
15 
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Figure 3: Section view of mounting hardware integration showing PV module 
racking, steel angle spans, and connection points to parapet wall. 
Electrical Load by Day 
Day kWh Required Washington HVAC (kWh) 
Thursday (Day 8) 
Friday (Day 9) 
Saturday (Day 10) 
Sunday <Day 11) 
Monday (Day 12) 
Tuesday (Day 13) 
Wednesday (Day 14 
T-mrsday (Day 15) 
8.88 
11.62 
4.53 
4.91 
12.75 
&71 
1252 
12.96 
iDesign Loads (w/o clothes dryer) 
Total Comes: Load: 
Average Daily Load: 
Max Daily Load: 
M.n Daily Load 
Average Daily Load 
w /o HVAC 
Average Montnly 
Load w/o HVAC 
98.88 kWh 
12.36 kWh 
12.96 kWh 
11.62 kWh 
9.66 kWh 
289.79 kWh 
kVUh Required 
7.20 
7.20 
7.20 
7.20 
7.20 
7.20 
7.20 
7.20 
16.08 
18.82 
11.73 
12.11 
19.95 
15.91 
20.12 
20.16 
Daily kWh Required w/o Clothes Oryer 
12.48 
11.62 
11.73 
12.11 
12.75 
12.31 
1252 
12.96 
Figure 4: Summary of contest load analysis 
January 
February 
March 
Aprii 
May 
June 
July 
August 
September 
October 
November 
December 
Yearly 
8ase Load (kWh) HVAC Load (kWW 
289.79 
289.79 
289.79 
289.79 
289.79 
289.79 
289.79 
289.79 
289.79 
289.79 
289.79 
289.79 
3477.43 
Total Load 
266.00 
246.40 
285.20 
240.00 
223.20 
264.00 
297.60 
297.60 
252.00 
285.20 
252.00 
272.80 
1182.00 
kWh) PV Production (kWh) 
555.79 376.00 
536.19 375.00 
574.99 489.00 
529.79 500.00 
512.99 483.00 
553.79 472.00 
587.39 497.00 
587.39 496.00 
541.79 482.00 
574.99 483.00 
541.79 331.00 
562.59 337.00 
6659.43 5372.00 
Figure 5: Summary of annual prototype electricity demands for Houston, TX 
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and provides a broad survey of electrical consumption and production that is intended to 
assist residents with energy use decisions. 
The second monitoring system, Enphase Envoy and Enlighten, is intended for use 
with Enphase's microinverters. Each Enphase microinverter collects its production 
statistics and sends them as a data parcel through its AC wiring. The parcels from 
individual microinverters are compiled by the Envoy and are transmitted via the internet 
to Enphase's server bank and the Enlighten online interface. The powerful Enlighten 
interface allows users to track individual panel production, total array production, and 
analyze performance interruptions. Figure 2 shows an example of the Enlighten user 
interface, which shows lifetime module AC production for a subset of the prototype's PV 
array. 
For the competition evaluation period in Washington, DC, an additional data 
collection suite was provided by the staff of NREL, a sponsoring organization of the 
Solar Decathlon. From October 7th, 2009, through October 15th, 2009, the datasets 
listed in Table 3 were produced. The measurements, collected at 15 minute intervals, 
represent the real-time performance of the prototype under typical residential energy 
loads as specified by the Solar Decathlon organizers. 
The installed solar thermal system lacked connectivity for automated data 
collection at the time of evaluation. The pump controller microcomputer, however, 
monitors data from three thermocouples: one located at the evacuated tube collector 
header on the roof, one toward the top of the 80 gallon hot water storage tank, and one at 
the outlet of the storage tank. Temperature data was collected manually during the course 
17 
«t..iiL 
Figure 6: Stainless steel Z-clip lag-bolted to parapet, supporting the solar 
thermal collector frame. The segment with lag bolts would later be covered by 
the parapet cap. 
Figure 7: Photo of a portion of the competition team that represented Rice 
University at the 2009 DOE Solar Decathlon. 
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of the competition evaluation in October 2009. 
3.6 Modeling 
To predict the amount of energy the prototype would require for operation, and in 
turn inform the design of the solar generation system, several analyses were performed 
for the prototype prior to construction. The 2009 Solar Decathlon Rules provides a 
detailed schedule of appliance and lighting loads required during the competition [6]. 
These loads are chosen to simulate the demands placed on a residence by an average 
American family; this schedule, combined with the power requirements of the specified 
appliances and operational systems of the prototype, were used to develop daily base 
electrical loads. The analysis of the remaining electrical load, heating, ventilation, and air 
conditioning (HVAC), was performed by Greg Tinkler of Redding, Linden, Bun-
Consulting Engineers using Trace 700 v6.1.3. The results of this analysis were 
incorporated with the operating base loads to determine monthly kWh electricity 
demands for the prototype. 
The energy demands of the ZEROW are dictated by the performance of the 
building envelope and the appliances contained within the house. The first priority for 
the prototype design was to reduce energy consumption as much as possible through the 
use of off-the-shelf products and building techniques. Spray-in Icynene® insulation was 
used in wall cavities, ceiling cavities, and in the floor framing to reduce heat transfer and 
air infiltration; 2" x 6" pine framing was used in the walls to increase insulation 
thickness and provide an R-value of 21. A mini-split ductless heat pump with a SEER 
value of 16.0 was chosen for the HVAC system, allowing for efficient zoning of 
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environmental controls. All applicable appliances, including the refrigerator-freezer, 
washing machine, dishwasher, and personal computer, were Energy Star certified. Light-
emitting diodes (LEDs) were used for all lighting within the ZEROW, reducing lighting 
loads to less that 200 W; essentially, the ZEROW is lit with the equivalent energy 
expenditure of less than two 100 W incandescent lightbulbs. These choices in building 
techniques and equipment allowed for significant reductions in the modeled energy 
demands of the ZEROW prototype. 
This load model was created with two key assumptions: the absence of a load 
from the electric tankless water heater, and the exclusion of a load from the electric 
clothes dryer. The first assumption was made with the expectation that the solar thermal 
collectors and hot water storage tank would be able to provide adequate hot water for 
domestic use and for the demands of the Solar Decathlon evaluation. The second 
assumption was made in realization that the electric dryer specified during design would 
consume at least 3.6 kWh of electricity with each load completed. To meet the demands 
of the Solar Decathlon competition, the assumption was made that towels and laundry 
would be air dried in compliance with the guidelines established in the 2009 Solar 
Decathlon Rules [6]. 
Using NREL's PVWatts v2, the performance of a fixed-tilt solar PV array was 
modeled for both Houston, TX and Washington, DC. For both locations, the design 
included an azimuth of 180° S, a tilt of 15°, and a conservative AC/DC derate factor of 
0.77. By varying the size of the array (DC rating), it was determined that an array of 4.2 
kW DC would closely match the energy demands of the prototype. This array would 
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PV Watts 2 
Location 
Cell ID 
Latitude 
Longitude 
Month 
Year 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Houston, TX 
Solar 
218396 
29.798 
-95.429 
Radiation 
(kWh/m2/day) 
3.48 
4.12 
5.11 
5.79 
5.76 
6.01 
6.13 
5.89 
5.51 
5 
3.78 
3.16 
4.98 
AC Energy 
(kWh) 
334 
350 
476 
513 
515 
512 
534 
515 
473 
452 
340 
297 
5311 
DC Rating 
DC/AC Derate 
AC Rating 
Array Type 
Array Tilt 
Azimuth 
AC Energy 
(kWh/day) 
10.77 
12.50 
15.35 
17.10 
16.61 
17.07 
17.23 
16.61 
15.77 
14.58 
11.33 
9.58 
14.55 
4.2 kW 
0.77 
3.23 kW 
Fixed Tilt 
15 ' 
180 * 
Figure 13: Solar PV production estimates from NREL's PVWatts v2. 
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Figure 14: Cumulative energy balance and global horizontal insolation, 
Washington, DC, October 7, 2009 through October 15, 2009 [7] 
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consist of 24 BP175B PV modules and 24 Enphase microinverters; this design also 
maximized the collector area on the roof while preserving working space for array 
installation and maintenance. 
4.0 Construction 
Construction of the prototype began in November 2009 on the Rice University 
campus. The prototype was given the name, ZEROW by the project's lead architects in 
reference to the goal of zero net-energy consumption ("ZE") and the design inspirations 
derived from the row house ("ROW") aesthetic prevalent in the Third Ward of Houston, 
TX. The ZEROW was site-built atop a tube steel frame that provide interface points for 
foundation pads and transport rigging equipment. Construction was completed in 
September 2009 and the house was dismantled shortly after for transport to Washington, 
DC. The exterior dimensions of the ZEROW are 14 feet wide by 50 feet long, which 
allows it to travel on the the back of a single drop-deck trailer. Temporary utility 
connections to the ZEROW were terminated, and the PV array and mounting hardware 
were removed from the roof along with the evacuated tube solar thermal collectors. 
While the PV modules could have been transported on the roof with adequate clearance, 
the stresses of road travel and the threat of errant debris damage justified their removal. 
Following the arrival of the ZEROW on the National Mall in Washington, DC, on 
October 1, 2009, the PV solar array and solar thermal collectors were reinstalled. A 
microgrid was provided on the National Mall as a subset of the PEPCO electrical grid 
that serves Washington, DC. The ZEROW's electrical distribution equipment was tied 
into this microgrid such that the building could draw electricity from the gird for use or 
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Tabic 4: Team competition prototype comparisons 
Team 
Rice University 
University of Arizona 
Cornell University 
University of Illinois at 
Urbana-Champaign 
Iowa State University 
University of Kentucky 
University of Minnesota 
The Ohio State University 
Penn State 
Universidad de Puerto Rico 
Team Alberta 
Team Boston 
Team California 
Team Germany 
Team Missuori 
Team Ontario/BC 
Team Spain 
University of Louisiana 
Virginia Tech 
WI-Milwaukee 
Cost Range 
up to $250,000 
$450,000-$650,000 
$450,000-$650,000 
$250,000-$450,000 
$250,000-$450,000 
$450,000-$650,000 
$450,000-$650,000 
$250,000-$450,000 
$250,000-$450,000 
$450,000-$650,000 
$450,000-$650,000 
$450,000-$650,000 
$450,000-$650,000 
$650,000-$850,000 
$250,000-5450,000 
$650,000-$850,000 
$450,000-$650,000 
$250,000-$450,000 
$450,000-$650,000 
$450,000-$650,000 
DC-PV Array Rating 
4.2 kW 
8.6 kW 
8.0 kW 
9.0 kW 
8.9 kW 
9.9 kW 
8.2 kW 
5.1 kW 
5.1 kW 
10.4 kW 
7.6 kW 
6.4 kW 
8.1 kW 
11.1 kW 
8.0 kW 
11.9 kW 
14.9 kW 
7.8 kW 
9.0 kW 
5.6 kW 
Information derived from 2009 US DOE Solar Decathlon website [8]. 
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feed excess electricity generated by the solar PV array back into the grid. The flow of 
electricity was monitored by a revenue-grade electrical utility "smart" meter; the 
integration of network electronics in this meter allowed the NREL data acquisition to 
monitor the system remotely. 
5.0 Evaluation 
5.1 Energy Performance 
Over the course of the Solar Decathlon competition period, October 7th through 
15th, 2009, data was collected on the production of the ZEROW's solar array, as well as 
the amount of electricity that the ZEROW withdrew and fed into the National Mall 
microgrid. 
Although poor weather and insolation challenged the ZEROW's generation 
systems toward the end of the observation period, a small surge in generation pushed the 
cumulative energy balance to 0.5688 kWh. The ZEROW was a net producer of 
electricity during this period; the cumulative energy balance is illustrated in Figure 14. 
The ability of the ZEROW to retain net-positive production during this period is 
especially promising considering that the solar PV and thermal systems were optimized 
for placement in Houston, TX, not Washington, DC. Additionally, this performance is 
impressive when the size of the ZEROW's solar PV array is considered. The ZEROW's 
4.2 kW-DC array was also the smallest solar PV array among the 2009 DOE Solar 
Decathlon participant, which attest to an array that was designed for efficiency properly 
sized for the ZEROWs energy demands. 
26 
Table 5: Detailed Construction Costs of Competition Prototype ZEROW (11J 
Estimated Total ZEROW Construction Cost 
PV racking system 
PV modules 
Microinverters 
Electrical Integration Components 
Electrical Labor 
Total Solar PV System, Installed 
Solar Thermal Components 
Solar Thermal Plumbing Labor 
Total Solar Thermal System, Installed 
$243,346.93 
$5,154.70 
$14,880.00 
$3,600.00 
$1,141.80 
$15,390.00 
$40,166.50 
$5,100.53 
$6,342.00 
$11,442.53 
Tabic 6: ZEROW Lifetime Electrical Production Costs 
System Design life 
Modeled Annual electrical production 
Lifetime electrical production 
Installed PV system 
Installed PV system, including Federal 30% Residential 
Renewable Energy Personal Tax Credit 
Projected lifetime electrical production costs, no rebates or tax 
credits 
Projected lifetime electrical production costs, including 
Federal 30% Residential Renewable Energy Personal Tax 
Credit 
25 year 
5311 kWh/year 
132,775 kWh 
$40,166.50 
$28,116.55 
$0.3025/kWh 
$0.2117/kWh 
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5.2 Cost Performance 
One of the deliverables of the 2009 DOE Solar Decathlon was a complete cost 
estimate of the construction prototype as presented on the National Mall. This cost 
estimate was performed by Allison Elliott for the ZEROW as determined from the 
project's final construction documents and specifications [9]. Due to the fact that much 
of the labor on the ZEROW was either provided by volunteers or donated by trade 
professionals, the contractor pricing information detailed in Means Residential Detailed 
Costs: Contractor's Pricing Guide was used [10]. This estimate provides a construction 
cost estimate for the ZEROW that reflects the costs a residential contractor would incur 
to construct a replica of the ZEROW prototype. The cost estimation performed by 
Allison Elliott was evaluated by a cost-estimation contractor selected by NREL, which 
developed a +/-20% construction estimate at the 90% confidence interval [11]. As with 
Allison Elliott's original work, this estimate reflected the cost presented by a homebuilder 
bidding to construct an additional ZEROW competition prototype. This cost estimation 
determined that the ZEROW prototype was built at a cost of $243,346.93, which includes 
items such as labor and equipment costs that were not accounted for in the actual 
construction of the ZEROW on the Rice University campus. This estimate placed the 
ZEROW as the least-expensive competition prototype in the 2009 DOE Solar Decathlon, 
and reinforced our original objective of balancing thrift and performance; the estimated 
costs ranges of all twenty 2009 DOE Solar Decathlon competition prototypes are 
provided in Table 4. 
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By dividing the construction cost estimate into the separate subsystems of 
the house, it is possible to examine the lifetime costs of the energy generation systems of 
the ZEROW. According to the Means construction estimation, the as-contracted cost of 
the solar PV system is $40,166.50. By using the 25-year power output warranty of the 
BP175B modules as the basis for the 25-year design life of the system, it is possible to 
estimate the cost/kWh of electricity generated during the lifetime of the solar PV system 
[13]. A key assumption of this estimation is the absence of recurring maintenance and 
repair costs. The estimation was performed for the market cost of the system, as well as 
for the net cost of the system with the federal 30% residential renewable energy personal 
tax credit that was extended with the passage of the Emergency Economic Stabilization 
Act of 2008 [14]. This tax credit, which applies to residential solar PV system, among 
other power generation technologies, allows a purchaser of a residential PV system to 
claim 30% of the final cost of the system as a personal tax credit. Although many 
locations in the United States feature a variety of additional renewable energy production 
and tax incentives offered by governments and energy utilities, the federal tax credit was 
chosen for this analysis because it is applicable across the United States and is available 
to the target market of the ZEROW prototype. No discount rate for the system value was 
assumed over the 25-year lifetime. Under these assumptions, the cost of electricity 
generated by the solar PV system is $0.3025/kWh without the tax credit, and $0.2117/ 
kWh with the tax credit. The production values should be compared with the $0.1181/ 
kWh for residential electricity delivered in Texas in December 2009 [12]. 
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In this analysis, even in the best-case cost scenario, the ZEROW's solar PV 
system is producing electricity at nearly twice the cost of the market residential electricity 
rate in Texas. While the cost gap between the cost of solar electricity production and grid 
parity may be disheartening, these figures may not be entirely accurate. The cost 
estimation procedures of Means Residential Detailed Costs: Contractor s Pricing Guide 
2009, which were recommended by the organizers of the Solar Decathlon for cost 
estimation, use simple bulk values for solar PV installation that do not differentiate 
between solar technologies or installation methods; this construction estimate method is 
meant to give a residential contractor representative values for bidding on residential 
construction projects, not for specifically solar PV systems. For example, the potential 
labor savings of incorporating microinverters into the solar PV system were not captured 
by this estimate, nor were the ramifications of the penetration-minimizing racking 
hardware. To gain a more-accurate insight into the lifetime electricity production costs of 
the solar PV system, it will be necessary to commission bids for the solar PV system as-
designed from several local renewable energy contractors to determine the actual 
contracted cost of the ZEROW's energy generation systems. 
Additionally, while the electricity production costs as presented in Table 6, may 
not be currently competitive, the cost of residential grid electricity does not remain stable. 
As can be seen in Figure 1, the reduction of solar PV installation costs and increasing 
grid electricity prices will converge to create the conditions necessary for solar PV 
electricity to reach grid-parity in the future. While solar PV presents fixed production 
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cost over the life of the system, rising electricity prices may allow the ZEROW's solar 
PV system to become economically viable within its lifetime. 
6.0 Conclusions and Suggestions for Further Research 
The design and construction of the ZEROW prototype began with the three goals 
of reducing building energy consumption with market-available technologies, 
simplification of the solar PV system, and the application of the first two objectives to 
Houston's affordable-housing market. While the reduction of the ZEROW's energy 
consumption was relatively straightforward through the use of efficient HVAC 
equipment, LED lighting, and Energy Star Appliances, the success of solar PV 
simplification efforts are more difficult to gauge. While our custom racking system 
eliminated roof penetrations, sped module installation and allowed for flexibility of PV 
module arrangement, observations of the long-term performance and reliability of the 
solar PV system over its projected 25-year lifespan will be necessary to gauge the 
benefits and detriments of this design. The microinverter network, which certainly 
simplified electrical design and increased user safety through the elimination of DC string 
wiring, will also need to be studied over the life of the solar PV array to determine the 
effects of a distributed inverted network on system reliability and MPPT. 
The affordability of the ZEROW house, however, must be examined in two 
different frames of reference. In the first frame, the boundaries of the 2009 DOE Solar 
Decathlon, the ZEROW's design proved exceedingly successful. The ZEROW was the 
only house in the competition classified in the "up to $250,000" construction cost range. 
At an estimated cost of $243,346.93, the ZEROW outperformed all other houses in the 
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competition in terms of cost and yet still managed to maintain a positive energy balance 
during the observation period. However, "more-affordable" in terms of a research-driven 
competition does not guarantee "affordable" in the context of the Houston market. No 
matter the altruistic value of renewable energy production, distributed residential solar 
PV will not become widespread until it is economically viable. The current market value 
of the lifetime energy production for the ZEROW's solar PV array, as seen in Table 6, 
will total $15,680.72, while the cost of the installed system was estimated to be just over 
$40,000; this does not assume a discount rate over the system lifetime. Without the 
energy generation components of the house, the construction estimate predicts a bidding 
price of a little more than $200,000. The elevated cost of this 520 square-foot home 
represents unique features of the design that were required due to the constraints of the 
competition, such as reinforced structural elements designed to resist road travel. While 
it is true that the cost to site-build a second ZEROW prototype would be lower because of 
the absence of these design elements, further optimization of the design, both in its 
architecture and its engineering, will be necessary to be competitive in the market that 
Rice Solar Decathlon student team originally envisioned. 
The ZEROW was designed as a prototype for grid-tied solar housing for Houston, 
TX, and as such, further data collection on the ZEROW's performance at its permanent 
site will be necessary. Following utility interconnection and commissioning, ownership 
of the ZEROW will be transferred to Project Row Houses and the associate Project Row 
Houses Community Development Corporation (CDC) in Houston's Third Ward. The 
Project Row Houses CDC provides economically-accessible housing to residents of the 
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Third Ward, including the Young Mothers' Residential Program for single mothers. 
Project Row Houses intends to use the ZEROW as a residence, which will allow for the 
observation of the ZEROW's energy usage and production under real-life stresses. While 
modeling predicts the the ZEROW with be able to achieve net-zero grid electricity 
consumption over the course of a year, long-term observations of performance at the 
prototype's permanent site will be necessary to determine whether this will actually hold 
true and the extent to which resident energy use choices will affect the this net-zero 
balance. 
As discussed earlier, the true lifetime costs of electricity produced by the ZEROW 
remain to be determined. An accurate cost estimate of the ZEROW's solar PV system is 
essential to determine the competitiveness of distributed residential solar electricity in 
Houston, TX. To circumvent the limitations of general construction estimates, 
construction bids for the ZEROW's PV system should be solicited from several 
experienced contractors to develop an understanding of the labor costs involved with 
installation. 
As with any prototype, the ZEROW is not intended to represent the final step in 
the research process. While the design, construction, and initial performance of the 
ZEROW attests to several years of investigation and design iteration, its true purpose has 
been to identify remaining barriers to the adoption of distributed residential solar 
electricity generation and to drive interest in the neglected affordable-housing market. 
Indeed, as the Rice Solar Decathlon student team drafted the original project RFP in 
2007, a common sentiment was expressed concerning the time-frame focus of the DOE 
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Solar Decathlon: the effort of years of work was focused on a three week observation 
period in Washington, DC. A properly-built house should last decades, not weeks, and as 
such the ZEROW is intentionally designed to serve as a continual testbed for solar PV 
technology in Houston, TX. Observation of the ZEROW's energy use response in 
Houston's climate with a permanent occupant will only serve to highlight new research 
foci, increase our understanding of existing barriers to solar power installation, and bring 
us closer to the development of cost-competitive solar energy for the Texas Gulf Coast. 
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